The effect of hydrostatic pressure up to 2 GPa on the superconductiong transitions in La 2−x Sr x CuO 4+δ is investigated. The ambient and high pressure properties of two series of samples with x=0 and x=0.015 and 0< δ <0.1 are characterized and compared by ac-susceptibility measurements. At ambient pressure both sets of samples fit into the same phase diagram as a function of the total hole concentration, n h . For n h < 0.085 there is a single superconducting transition (T c ≈ 30K) with an unusually large pressure coefficient,
separation. If pressure is changed at low temperature (< 100K) the effects on T c and phase separations are greatly diminished because the interstitial oxygen becomes immobile at low T. Our results indicate that the dopant effects are important. Dopants and holes should be treated as a single globally correlated state. When thermodynamic euqilibrium is approached in the oxygen-doped samples, we find that there is an intrinsic tendency of electronic phase separation of doped holes into two distinct superconducting states. results in a system of mobile dopants (e.g. interstitial or chain oxygen) that provides an additional degree of freedom and may respond to a change of thermodynamic parameters such as temperature or pressure. We will denote the doping with mobile anions as "soft doping". La 2−x Sr x CuO 4+δ is one of the high T c -compounds that allow us to continuously tune the relative strength of "hard-dopant" versus "soft-dopant" of randomly distributed but immobile Sr ions (concentration x) and mobile interstitial oxygen ions (concentration δ),
respectively. Accordingly, we can study their influences on the normal and superconducting states as a function of hole concentration, n h , controlled by two parameters, x and δ. We use the notations "soft-dopant" and "hard-dopant" here instead of "annealed -disorder" and "quenched-disorder" to emphasize both the intrinsic nature (e.g. dopant increases with increasing carrier density) and the strong coupling between carriers and dopants. The crucial parameter is the excess-oxygen doping. The high mobility of the interstitial oxygen provides not only the opportunity to study the "intrinsic" electronic evolution as a function of carrier concentration but also a number of interesting new physical phenomena. For example, several structural transitions as well as macroscopic phase separations have been observed in La 2 CuO 4+δ with increasing oxygen content. [2] [3] [4] [5] [6] [7] [8] [9] For 0.006 < δ < 0.05 a miscibility gap was observed with two different structures (Bmab and Fmmm symmetry) coexisting at low temperatures. Chemically, the two structures show different oxygen contents. The Bmab structure is not superconducting and its composition is close to stoichiometric La 2 CuO 4 whereas the oxygen rich Fmmm phase becomes superconducting at about 30 K. 2, 3, 5, 6, 8, 9 The origin of this phase separation was attributed to the mobile interstitial oxygen since it is not found in the cation-doped La 2−x Sr x CuO 4 where the dopants are immobile and "frozen" in their position. For La 2 CuO 4+δ , one superconducting transition was observed in the miscibility gap with a T c ≈ 30K, almost independent of δ.
2 At higher doping level only one crystalline structure (Fmmm) was detected 2,10 but also evidence for the formation of superstructures by the interstitial oxygen was reported. 4, 10, 12 Oxygen ordering along the c-axis However, electrochemical intercalation of oxygen has been proven to be superior to all other methods of oxidization 10,13,14 because of the low reaction temperature (close to room temperature), the higher oxygenation level (δ) that can be achieved, and the precise measurement and control of the doping level. We have carefully studied various electrochemical techniques and shown that samples so prepared are close to thermodynamic equilibrium for 0 < δ < 0.05 with a superconducting transition at T c ≈ 30 K as long as the intercalation rate was low. High intercalation rates, in particular for δ > 0.05, resulted in nonequilibrium samples with T c up to 45 K. 13,14 However, slow electrochemical oxidation followed by thermal annealing at 110
• C allows the samples to relax close to equilibrium and T c decreases to about 30 K. Outside the miscibility gap for δ > 0.05 a second superconducting transition with T c ≈ 15 K develops with annealing resulting in the two-step transition as described in the previous paragraph.
2,14
The appearance of different phases with increasing oxygen content is obviously related to the interstitial mobile oxygen ions and cannot be observed in the cation-doped plays an essential role by compensating the repulsion between holes in the hole-rich regions and facilitating the charge separation. On the other hand, there is the possibility that the oxygen ions cause the separation into different (oxygen-rich and -poor) phases affecting the local hole density in the Cu-O planes. To separate and to distinguish between these two scenarios the hole density, n h , and the oxygen content, δ, ought to be controlled independently.
This major goal can be achieved by cation/anion co-doping in the system La 2−x Sr x CuO 4+δ .
Starting with a fixed Sr content, x, in the parent compound and tuning the oxygen doping, δ, by electrochemical intercalation the degree of cation-and anion-doping can be varied at will and the hole concentration can be controlled precisely. In order to compare samples with the same hole concentrations but different oxygen content the doping efficiency of Sr and O has to be known. We have calibrated the doping efficiency of pure oxygen and oxygen/strontium co-doped samples. Whereas each Sr ion adds one hole the doping efficiency of oxygen has been shown to change with the hole density. 17 Below n h = 0.06 each oxygen ion dopes exactly two holes into the planes as is expected from the formal valency O 2− .
However, for n h > 0.06 the doping efficiency of the oxygen decreases to 1.3 holes per O-ion.
Hall measurements have shown that for n h > 0.06 the additional holes partially occupy localized states and do not increase the Hall number. 18 For the Sr co-doped compound the oxygen doping efficiency reduces from 2 to 1.3 at exactly the same critical hole density, n h = 0.06, indicating that the O doping efficiency is controlled by the total hole density, i.e.
by the electronic state. Therefore, the total hole density in La 2−x Sr x CuO 4+δ is determined by n h = x + 2δ (n h < 0.06) and n h = 0.019 + 1.3(δ + x/2) (n h > 0.06), respectively.
17
Pressure is known to increase T c in most of the under-doped high T c materials. In Y Ba 2 Cu 3 O 7−δ it was found that the increase of T c with pressure is enhanced by pressureinduced ordering of the oxygen ions occupying the incompletely filled chain sites. it was shown that in this range the superconducting transition temperature may depend on the cooling rate. 27 However, any kinetic process leading to phase separations slows down at low temperature and prevents the sample to reach true thermodynamic equilibrium at temperatures close to T c . We have tested various cooling procedures with speeds below 0.4 K/min and found no appreciable change in the superconducting properties. Therefore, we conclude that with the chosen procedure the samples are as close to thermodynamic equilibrium as one can get.
III. RESULTS AND DISCUSSION

A. Ambient pressure results
The dc susceptibility, χ dc , was measured and compared with the real part of the ambient pressure ac susceptibility, χ ac . Although we did not attempt to extract the superconducting volume fraction from the ac measurements we could show that the relative temperature dependence of χ ac is comparable to that of χ dc . The results obtained by the ac method for La 2 CuO 4+δ reproduced our earlier dc data. Note that n h here is the "nominal" "total" carrier density determined by the equation in the introduction. Theses results reconfirm that our samples are indeed close to equilibrium and the single-and double-T c behaviors are "intrinsic" properties of doped holes. In the very low doping region ( n h < 0.06) there is a major difference between the two sets of samples.
There is a single T c = 15 K in La 1.985 Sr 0.015 CuO 4+δ whereas the T c of La 2 CuO 4+δ remains at 30 K even for the smallest δ. This change of T c is explained by the attraction of charge carriers to the "frozen" Sr-ions. Because of the random distribution of the cation-dopants the formation of T c = 30 K phase is inhibited. The Coulomb attraction between holes and Sr-ions results in a more homogeneous distribution of carriers with a lower local hole density and the intrinsic T c = 15 K phase is stabilized instead. In the following sections we discuss the pressure effects on the superconducting transitions in La 2−x Sr x CuO 4+δ for various doping levels for the two characteristic regimes in the phase diagram ( Fig. 1 ) and for samples with carrier density n h ≈ 0.085 located right at the transition boundary (shaded area in Fig. 1) . (in the linear high-pressure range) is unusually large, 9 to 10 K/GP a. This is about three to four times larger than the dT c /dp of the cation-doped La 2−x (Sr, Ba) x O 4 29 and appears to be the largest pressure coefficient observed in a La-214 high-T c superconductor. An anomalous large dT c /dp (up to 6 K/GPa) was previously observed only near the 1/8 anomaly in the La 214 system where the ambient pressure T c is very low. has the same pressure coefficient as that of δ < 0.05 samples (see e.g. Fig. 3 B) suggesting that it is the same superconducting state. dT compounds. However, the cation doped La-214 system was shown to exhibit a positive dT c /dp even for doping levels well above the optimum. With further increasing pressure this phase is growing (the shoulder extends to a major peak in dχ ac /dT , bottom part of Fig. 6B ) and becomes the major superconducting phase in the sample. There is a narrow pressure range (p ≈ 0.9 GP a) where both phases coexist and the dχ ac /dT curve exhibits two separated maxima. Since we have seen that the 30 K transition is favored under pressure, mobile oxygen dopants now facilitate the phase separation into hole-rich and hole-poor phases similar to the La 2 CuO 4+δ system. This interesting pressure effect has been observed in La 1.985 Sr 0.015 CuO 4+δ for several samples with δ < 0.024.
To prove the conclusion of this section and to collect additional evidence for the role of interstitial oxygen we investigate the pressure effects while oxygen ions are immobile.
C. High-Pressure Effect on the Superconducting Transition: Pressure Changed at Low Temperature
The mobility of the interstitial oxygen is greatly reduced and the ions are literally frozen in their positions if the temperature is reduced to below 100 K. Changing pressure at low temperature will allow us to separate the pressure effect on the electronic state from the effect of electronic phase separation facilitated by mobile oxygen ions. The low-temperature pressure change can be achieved by employing a helium gas-pressure cell connected to a gas compressor. For several typical La 2 CuO 4+δ and La 1.985 Sr 0.015 CuO 4+δ samples the pressure effects (at T < 100 K) were investigated using three basic procedures:
(i) Pressure up to 1 GP a was applied at room temperature and released in several steps at low temperature. AC-susceptibility measurements through the superconducting transition were conducted at each pressure step below 100 K.
(ii) Following the release of pressure below 100 K according to procedure (i) the samples were re-heated to room temperature so that the mobile oxygen could re-arrange. Samples were cooled again (without changing pressure) through the superconducting transition. The comparison of the two measurements shows the sole effect of interstitial oxygen redistribution on T c .
(iii) Samples were cooled to low temperature at ambient pressure. Pressure was increased below 100 K and the ac-susceptibility was measured for each pressure.
The pressure shift of T
is shown in Fig. 7 for a typical sample in the low hole density region, La 1.985 Sr 0.015 CuO 4.027 (n h = 0.064). The pressure in this experiment was raised to 1 GP a at room temperature and released at low T . During cooling the pressure drops to about 0.92 GP a at the freezing temperature of the helium pressure medium, T f = 55 K.
A further pressure decrease to 0.82 GP a at 35 K is due to the volume reduction and the isochoric change of state of the solid helium. The T c (0.82 GP a) coincides with the previous measurements ( Fig. 2 B) and decreases with decreasing pressure at a rate of 2.8 K/GP a.
This rate is less than 1/3 of that estimated in the previous section for the same sample (Fig. 3 B) . After heating the sample to room temperature and cooling again T c is further reduced by 2.2 K (Inset in Fig. 7 ). This additional change of T c is a pure effect of oxygen redistribution since pressure was not changed. This shows that the hole-oxygen system was frozen in a meta-stable state after the release of pressure at low temperature and could only relax towards thermal equilibrium after the temperature was raised high enough to allow the oxygen diffusion. Repeating the measurement according to procedure (iii) the increase of pressure from p = 0 at low temperature results in a similar shift of T c at the rate of about 3 K/GP a in good agreement with the value of 2.8 K/GP a mentioned above. We conducted the same series of gas-pressure experiments with the oxygen-doped La 2 CuO 4.04
(n h = 0.071) and found very similar results. Again, the observed pressure coefficient of dT c /dp ≈ 2.7 K/GP a was strongly reduced with respect to the value of 9.9 K/GP a found in section 3.2 for this sample (see also Fig. 3 A) . It is interesting to note that the reduced dT c /dp is comparable to the pressure coefficient of the cation-doped La 2−x Ba x CuO 4 (2 to 3 K/GP a) and slightly larger than dT c /dp for La 2−x Sr x CuO 4 (≈ 1.5 K/GP a) for the doping region not too close to the 1/8 anomaly.
29,? Therefore, we conclude that this pressure coefficient of dT c /dp ≈ 2.7 K/GP a should be considered as the pressure effect of the T /dp = 2.7 K/GP a is of the same value as that for the single transition compounds (for n h < 0.085). After heating at 0.01 GP a to room temperature the superconducting properties of the sample changed and, in particular, T phase separation as observed in the experiments described in the previous section. Thermodynamically, the system behaves more like La 2−x (Sr, Ba) x CuO 4 under pressure. The major difference is the inhomogeneous hole-oxygen distribution in La 2−x Sr x CuO 4+δ we start with at ambient conditions. The degree of phase separation already present at ambient T is frozen and preserved at low temperature and cannot be changed by pressure.
For n h ≈ 0.085 (shaded area in Fig. 1 ) we have shown that pressure applied at room temperature facilitates oxygen diffusion and induces the electronic phase separation. However, if oxygen is frozen at low T and pressure is changed below 100 K we expect that the initial (room temperature) state is preserved. Fig. 9 shows the pressure effect on χ ac (T )
for La 2 CuO 4.055 (n h = 0.09). In the first experiment low pressure (0.1 GP a) was applied at room temperature and the sample was cooled to low T (dotted curve 1 in Fig. 9 A) .
Then pressure was increased (below 100 K) to about 0.5 GPa (solid curve 2 in Fig. 9 A) .
The susceptibility curve shifts in parallel to higher temperature at a rate of 2.9 K/GP a. No broadening or splitting of the transition is observed. In the second experiment we applied 0.8 GP a at room temperature. The superconducting transition broadens (dotted curve, Fig.   9 B) and indicates the tendency to splitting into two transitions due to the phase separation as seen in the previous section ( Fig. 5 A and B) . The release of pressure at low T to 0.1 GP a does not change the width or the shape of the diamagnetic susceptibility signal (curve 2, Fig.   9 B). The phase separation induced by pressure at high temperature is preserved. However, T c shifts by about 2 to 3 K. Heating the sample at 0.1 GP a to room temperature recovers the original (one-transition) state (curve 3, Fig. 9 B which is comparable with curve 1, Fig.   9 A) due to the rearrangement of the interstitial oxygen and hole system towards thermal equilibrium.
In Section III B we have shown that in La to ambient the diffusion of oxygen is initiated and the hole-oxygen system relaxes closer to equilibrium. Now the hole system is affected by the randomly distributed and fixed Sr-ions and the 15 K state dominates the superconducting properties.
IV. SUMMARY AND CONCLUSIONS
The pressure effect on the superconducting transitions of electrochemically doped /dp and a negative pressure coefficient of the 15 K transition temperature, T The latter conclusion is further supported by a series of experiments where pressure was varied at low temperature (below 100 K) inhibiting any oxygen diffusion. The pressure coefficients of T c appeared to be much smaller (< 3 K/GP a) and comparable with the cation-doped La 2−x (Sr, Ba) x CuO 4 indicating that the lower dT c /dp is an effect of charge pinning. It was also shown that pressure, if changed at low temperature, did neither enhance the tendency of phase separation observed for n h > 0.085 nor induce phase separation at the special hole concentration of n h ≈ 0.085. We suppose that the immobile interstitial oxygen at low temperature act similarly as the (randomly distributed) Sr-cations which may explain the reduced pressure effect on the electronic hole system.
It is interesting to note that the crossover from the single to double transition region in the phase diagram as well as the pressure effects discussed above appear at the same hole density for both systems, La 2 CuO 4+δ and La 1.985 Sr 0.015 CuO 4+δ , considered in this investigation.
This implies that the "total" hole density is the relevant parameter determining the nature of the superconducting states as well as the pressure effects on it. For higher strontium contents, however, effects of Coulomb interaction with the Sr ions have to be taken into account. The results obtained at ambient and high pressure provide strong evidence for the importance of the interaction of holes and dopants in high temperature superconductors.
Soft-dopants, like interstitial oxygen in La-214 or chain oxygen in YBCO, may facilitate the phase separation into hole rich and hole poor phases. Thermodynamically, soft-dopants and holes should be considered as one global correlated system relaxing towards thermodynamic equilibrium at high enough temperatures. Hard-dopants, however, cause pinning of holes and prevent the electronic system from phase separation into phases with different hole densities.
As a final note, while electronic phase separation in a very low doping regime can be understood in terms of Emery's picture, 15, 16 the phase separations we observed in such high doping level is especially peculiar because the system is electronically phase separated into two dictinct T c 's. This suggests that a distinct electronic structure exists for each different 
